Background: It is unclear whether exposure to polycyclic aromatic hydrocarbons (PAH) 
PAH, a group of hydrocarbons with two or more fused aromatic rings, are byproducts of incomplete combustion of tobacco, wood, coal, fossil fuels, and other organic substances. PAH can be readily absorbed through the skin, lungs, and gastrointestinal tract. 5 PAH metabolites in urine have been used as biomarkers of PAH exposure. 6 Naphthalene, a PAH compound consisting of two aromatic rings, is the most volatile PAHs found in the air and can be a respiratory tract toxicant. 7 PAH compounds consisting of 3-4 aromatic rings can exist in both gaseous and particulate phase. 5 PAH exposure has been associated with asthma or asthma symptoms in children. [8] [9] [10] . Although several studies have also linked PAH exposure to reduced lung function measures (forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC)) among children and adults in the general population, [11] [12] [13] little is known about PAH exposure and lung function or eosinophilic airway inflammation in children with asthma, who may be particularly susceptible to the detrimental effects of air pollutants. In the only study examining PAH exposure and lung function among children with and without asthma, exposure to the sum of PAH with 4, 5, or 6 rings for 3 months to 1 year was significantly associated with reduced post-bronchodilator FEV 1 among 162 children without asthma, but not among 135 children with asthma. 14 Underlying mechanisms for the PAH-asthma association include increasing oxidative stress, stimulating inflammatory response, enhancing sensitization to aeroallergens, and epigenetic remodeling. 4, 15 In addition to asthma, vitamin D insufficiency may modify the detrimental effects of PAH exposure on lung function, a marker of asthma severity. Indeed, vitamin D insufficiency has been previously associated with reduced lung function in the U.S. population, 16 and we previously reported that proximity to a major highway (a broad marker of traffic-related air pollution) is more significantly and strongly associated with severe asthma exacerbations in children with asthma and vitamin D insufficiency (a circulating 25(OH)D level <30 ng/mL) than in those with asthma and sufficient vitamin D levels. 17 We hypothesized that PAH exposure would have a stronger detrimental effect on lung function and eosinophilic airway inflamma- 
| Statistical analysis
Primary sampling units and strata for the complex NHANES survey design were applied for data analysis. Subsample weights, stratification, and clusters provided in the NHANES dataset were incorporated into the analysis to obtain proper estimates and their standard errors. Wald chisquare tests and t-tests were used for bivariate analyses of binary and continuous variables, respectively. Logistic regression was used for the analysis of urinary PAH metabolites and current asthma. Linear regression was used to examine urinary PAH metabolites and %predicted lung function or FeNO, separately in children with and without current asthma.
All multivariable models were adjusted for age, gender, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, or other), health insurance coverage, BMI z-score, serum cotinine (a marker of secondhand smoke exposure, SHS), urinary creatinine levels, and use of oral or inhaled steroids in the past 2 days. Family history of asthma was also included in the model for the analysis of PAH exposure and current asthma. We then tested for a multiplicative interaction between urinary PAH metabolites and vitamin D insufficiency on lung function in children with asthma. Since this interaction was statistically significant, we repeated the multivariable analysis after stratification by vitamin D insufficiency. All statistical analyses were conducted using the SAS SURVEY procedure and SAS 9.3 software (SAS Institute Inc., Cary, NC).
| RESULTS
A total of 1,821 children who participated in NHANES (2007-2008, 2010-2011, and 2011-2012) and who had measures of urinary PAH, and data on asthma and lung function, were included in this analysis (Table 1 ). The overall prevalence of current asthma among study participants was 12.1%. Compared to children without asthma, those with asthma were more likely to be non-Hispanic black, and to have: a higher BMI z-score, family history of asthma, a higher FeNO, used oral, or inhaled steroid in the past 2 days, and lower %predicted FEV 1 and lower %predicted FEV 1 /FVC. Compared with children without asthma, those with asthma had slightly higher levels of ∑molPAH, ∑mol2-PAH, or ∑mol3,4-PAHs, but these differences were not statistically significant. With the exception of BMI z-score and urinary creatinine level, there were no significant differences in the main characteristics of children who were (n = 1,821) and were not (n = 4,970) included in the current analysis (E- Table S1 ).
The results of the multivariable analysis of urinary PAH metabolites (Table 3) . Similar results were obtained in an analysis using z-scores for spirometry variables (E -Table S2 ).
| DISCUSSION
In a large study of U.S. children, high levels of urinary ∑mol3,4-PAH were associated with current asthma. After stratification by vitamin PAH that have 3 or 4-rings (phenanthrene and pyrene) are dominant components of total PAH emission from diesel vehicles 22 and coal combustion. 23 Our results for urinary ∑mol3,4-PAH and childhood asthma are consistent with those of prior studies showing that urinary PAH metabolites such as phenanthrene are associated with asthma or wheeze in U.S. children. [9] [10] [11] 24 Prenatal exposure to airborne PAH has been associated with increased benzo[a]pyrene-DNAs adducts, reduced expression of interferon-ɣ, and changes in DNA methylation in cord blood that have been ultimately linked to childhood asthma. 8, 25, 26 In addition, a combination of prenatal exposure to PAH and exposure to second-hand smoke or particulate matter has been linked to respiratory symptoms and probable asthma in young children, 27, 28 and pyrene Results are shown as mean ± standard error (SE) for continuous variables, and as N (%) for binary variables. PAHs = polycyclic aromatic hydrocarbons. a∑PAHs = sum of all urinary PAH metabolites. b∑2-PAHs = sum of urinary PAHs with 2 benzene rings. c∑3,4-PAHs = sum of urinary PAHs with 3 or 4 benzene rings. *P < 0.05 or **P < 0.01 for comparison between children with and without current asthma. | 1365 exposure during pregnancy has been associated with childhood asthma. 29 The association between ∑mol3,4-PAH and childhood asthma was seen in the 2nd and 4th quartiles of ∑mol3,4-PAH (but not 3rd quartile), suggesting a non-linear association.
In our study, urinary PAH metabolites were inversely associated with pre-bronchodilator FEV 1 and/or FEV 1 /FVC among children with asthma and vitamin D insufficiency. In a prior study in California, the sum of PAH with 4, 5, or 6 rings was associated with decreased 32 Although we found no significant association between urinary PAH metabolites and FeNO (a marker of eosinophilic airway inflammation) in children with or without asthma, previous studies have shown that traffic exhaust contributes to allergic sensitization (not measured in the current study) and respiratory symptoms in children, 33 and that urinary phenanthrene and fluorene are linked to allergic sensitization to mouse in inner-city children. 34 Diesel exhaust particles that comprise PAHs have been shown to not only increase the effects of antigen exposure in those sensitized but also to promote antigen sensitization after allergen exposure. 35 Moreover, higher serum PAH have been positively correlated with serum total IgE, IL-4 and IL-5 in children with asthma. 36 Our study has several strengths, including data on a large and ethnically diverse cohort of children, performance of standardized procedures by uniformly trained personnel, and the ability to account for several potential confounders. We also recognize several limitations to our findings. First, a temporal relationship between PAH exposure and asthma or lung function cannot be determined due to the cross-sectional study design. For example, children exposed to PAH through air pollution may reduce outdoor activities and thus have lower vitamin D levels. Second, while aggregating PAH metabolites allowed us to measure PAH from all routes of exposure, it also limited our ability to study specific exposures from inhalation or single PAH or separating the PAH sources (eg, cigarette smoking or air pollution).
Third, single urinary samples reflect recent exposures, and thus do not account for seasonal variability or long-term exposure to PAH. Lastly, the study did not account for several potential confounders, including outdoor activity, dietary factors, or exposure to other air pollutants.
In summary, exposure to PAH was associated with worse lung function in U.S. children with asthma and vitamin D insufficiency.
Ongoing clinical trials should help determine whether vitamin D supplementation ameliorates the detrimental effects of air pollution on lung function and disease severity among children with asthma.
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